Abstract Annual MRI screening is recommended as an adjunct to mammography for BRCA1 and BRCA2 mutation carriers. Prophylactic oophorectomy has been shown to decrease breast cancer risk in BRCA1/2 mutation carriers. Here, we aimed to examine the combined effects of MRI and oophorectomy. For this purpose, 93 BRCA1/2 mutation carriers were screened with yearly mammograms and yearly MRI scans. Study endpoints were defined as date of breast cancer diagnosis, date of prophylactic mastectomy, or date of most recent contact. Of 93 women, with a median age of 47, 80 (86%) had prophylactic oophorectomy. Fifty-one women (55%) had BRCA1 mutations. A total of 283 MRI scans were performed. Eleven breast cancers (9 invasive, 2 ductal carcinoma in situ) were detected in 93 women (12%) with a median follow-up of 3.2 years (incidence 40 per 1,000 person-years). Six cancers were first detected on MRI, three were first detected by mammogram, and two were ''interval cancers.'' All breast cancers occurred in BRCA1 mutation carriers (incidence 67 per 1,000 person-years). Apart from BRCA1 vs. BRCA2 mutation status, there were no other significant predictors of breast cancer incidence. Most invasive breast cancers were estrogen receptor negative (7 of 9) and lymph node negative (7 of 9). There have been no systemic recurrences with a median follow-up of 19 months after cancer diagnosis. Finally, it was concluded that all breast cancers occurred in BRCA1 mutation carriers, in most cases despite oophorectomy. These data suggest that surveillance and prevention strategies may have different outcomes in BRCA1 and BRCA2 mutation carriers.
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Background
Women with BRCA1 and BRCA2 mutations are at greatly elevated risk of developing breast cancer and ovarian cancer, with lifetime risks of 40-80% and 10-45%, respectively [1, 2] . In addition, mutation carriers are at significantly increased risk of developing second primary breast cancers, with a lifetime risk estimated at 50% [3] . Management of these high-risk women includes prophylactic surgery, chemoprevention, and enhanced surveillance to aid in early detection [4, 5] . Bilateral prophylactic oophorectomy (BPO) is one of the most effective risk reduction strategies available for BRCA1 and BRCA2 mutation carriers. BPO reduces the risk of ovarian cancer by more than 85% [6] [7] [8] , the risk of breast cancer by approximately 50% [6, 7, 9, 10] , and may also decrease mortality [11] . Given the substantial impact of oophorectomy, women with BRCA1 and BRCA2 mutations are counseled to undergo oophorectomy once child bearing is complete and generally prior to age 40.
BRCA1 and BRCA2 mutations are associated with distinct breast cancer phenotypes; BRCA1-associated breast cancers are predominantly estrogen receptor (ER) negative, whereas the majority of BRCA2-associated breast cancers are ER positive [12] . Despite this, breast cancer risk reduction following BPO has been observed in studies examining BRCA1 carriers only [9, 13] , as well as in studies including both groups together. However, more recently, a large prospective study demonstrated a significantly protective effect of BPO on breast cancer in BRCA2 carriers (HR = 0.28; CI 0.08-0.92; P = 0.036), while for BRCA1 carriers, such an effect was not statistically significant, with a hazard ratio of 0.61 (CI 0.30-1.22) [14] . Further studies with larger cohorts and longer follow-up are ongoing regarding this important issue.
The addition of annual MRI to annual mammography has become the standard of care for the early detection of breast cancer in BRCA1 and BRCA2 carriers, due to its significantly improved sensitivity [15, 16] . However, most studies of MRI surveillance of BRCA1/2 carriers either do not report [17] [18] [19] [20] or have low rates [20, 21] of BPO. In addition, most published studies examining the breast cancer risk reduction conferred by BPO do not specify or did not control for surveillance practices [6, 7, 9, 11, 13, 22] . Here, we examined the combined effects of oophorectomy and intensive surveillance (including breast MRI) in a prospective cohort of BRCA1 and BRCA2 mutation carriers.
Methods

Study participants
Participants enrolled on University of Pennsylvania Protocol 708206, which was an IRB-approved protocol for MRI screening. For this analysis, we included all patients recruited onto protocol 708206 examining MRI screening, and only those patients. We did not include high-risk women who were involved in other studies in the Cancer Risk Evaluation Program if they were not enrolled on this specific Protocol. Women were recruited from the Cancer Risk Evaluation Programs at the University of Pennsylvania, Pennsylvania Hospital, or affiliated sites and provided written informed consent. All women had undergone genetic counseling and testing prior to enrollment on this study.
Eligibility criteria included the following: (1) women over the age of 25 and (2) known deleterious mutation in BRCA1 or BRCA2, or prior probability of a mutation of [75%. Those patients who were pregnant, had a contraindication to MRI examination (presence of a pacemaker, magnetic aneurysm clip or other implanted magnetic device, severe claustrophobia), or had bilateral mastectomies were excluded. Women with unresolved actionable (recommended for biopsy or follow-up) clinical or mammogram findings prior to study entry were excluded until those findings were resolved. Patients with new or recurrent ovarian cancer within 4 years prior to recruitment were excluded. Patients were required to be at least 3 months from any breast biopsies, completion of lactation, radiation treatments, and chemotherapy treatments. Women with prior breast cancer were eligible for the study as long as all other entry criteria were met.
Study procedures
Upon study entry, a comprehensive medical history was obtained which included information on each patient's menopausal status, breast health, hormonal treatment history, and prior screening. In addition, patients' demographic information and genetic testing results were obtained, and baseline physical examinations were performed. At entry, women underwent mammogram and bilateral breast MRI within 3 months. Breast MRI with and without gadolinium was performed. The study paid for MRI between 2003 and 2005. Yearly exams were performed by a medical oncologist (SMD, RK). Beginning in January 2006, women were counseled that they should continue to obtain yearly MRI with coverage through their health insurance plan. At this time, MRI and mammogram were staggered at approximately 6 month intervals.
Follow-up
All study participants were followed from date of consent until individual study endpoints. Study endpoints were: breast cancer diagnosis, prophylactic mastectomy, or date of most recent disease-free patient contact through May 7, 2008 .
Data collection
Demographic data was collected at baseline including age, type of BRCA1 or BRCA2 mutation, prior breast cancer history, oral contraceptive use, hormone replacement therapy use, and parity. Data collected during the study included the BIRADS classification for each mammogram and MRI, follow-up recommendations, the number of biopsies performed, and the characteristics of breast cancer which were diagnosed. Women with BIRADS 1 or 2 category studies underwent routine follow-up. Those with BIRADS 3 category studies underwent a 6 month followup with that modality (either mammogram or MRI). Those with BIRADS 4 or 5 category lesions were given a recommendation for biopsy. The study protocol is summarized in Fig. 1 .
Statistical analysis
Data were analyzed using STATA v. 9.0 statistical software. Characteristics of those diagnosed with breast cancer were compared to those not diagnosed with breast cancer using chi-square tests for categorical variables and t-tests for continuous variables. Log rank tests comparing median length of disease-free survival between women with different characteristics were used for confirmation. Because there were no breast cancer cases in the BRCA2 mutation carriers, BRCA mutation status could not be included in multivariate regression models and other variables were not significant predictors of breast cancer incidence in univariate analyses. A P-value of less than 0.05 was considered statistically significant.
Results
Patient characteristics
Between February 2003 and September 2005, 94 women between 28 and 72 years of age were consented for and enrolled in this study. One subject was diagnosed with recurrent ovarian cancer prior to her first scheduled MRI, and was therefore excluded. Ninety-three subjects with 171 intact breasts were followed. The median age of study participants at consent was 47. Eighty women (86%) had prophylactic oophorectomy (70% prior to study entry, 16% in follow-up). Fifty-one women (55%) had BRCA1 mutations; 41 (44%) had BRCA2 mutations; and 1 individual was not a known BRCA1/2 mutation carrier, however, her prior probability of mutation was 77% (she had a personal history of early onset breast cancer and family history of a breast/ovarian multiple primary). Forty women (43%) had a prior history of early-stage breast cancer. Participant characteristics, including oral contraceptive use, hormone replacement therapy use, and selective estrogen receptor modulator (SERM) use are summarized in Table 1 .
The median follow-up from study entry was 3.2 years. During this time, 283 study MRIs and 282 study mammograms were performed. Eleven breast cancers were diagnosed in 11 participants. Five patients underwent prophylactic mastectomy and were censored at the time of their surgery. One participant developed and died of primary lung cancer. The remaining 76 patients were followed to most recent disease-free contact through May 7, 2008.
Characteristics of affected participants
Eleven breast cancers were detected in 93 women (12%). All cancers were diagnosed in BRCA1 mutation carriers, with a median age at diagnosis of 47 years (mean of 49, range 35-62 years). Nine of 11 patients were status post oophorectomy at the time of diagnosis with a median age at oophorectomy of 42. The median time from oophorectomy to cancer diagnosis was 3.6 years (range, 0.1-8.1 years). Five of the nine women diagnosed with breast cancer while on study had a personal history of breast cancer prior to study entry. Ten affected patients (91%) ever used hormonal contraception, five (45%) ever used hormone replacement therapy, and six (55%) used either tamoxifen or raloxifene prior to study endpoint. Only mutation status significantly differed between affected and unaffected patients, when comparing either the incidence of breast cancer at the end of follow-up (P-value 0.001) or the median disease-free survival (P-value 0.002) ( Table 2) . Similarly, there were no significant differences in the characteristics of BRCA1 mutation carriers who did, and did not, develop breast cancer.
Tumor characteristics
Characteristics of the breast cancers are detailed in Table 3 . Nine cancers were invasive ductal; two were ductal carcinoma in situ (DCIS). The majority of invasive cancers was lymph node negative (7 of 9, 78%) and measured 1 cm or less (5 of 9, 56%). Seven of the nine invasive cancers were ER, progesterone receptor (PR), and her-2/ neu (HER2) negative (78%). Two were ER positive and HER2 negative, although one ER-positive invasive cancer had low-level (10%) expression and was PR negative. Six of nine (67%) patients with invasive cancer received chemotherapy. One patient (#3 in Table 3 ) with a 3.0 cm tumor by physical exam and MRI had a complete pathologic response following preoperative chemotherapy with dose-dense adriamycin/cyclophosphamide followed by paclitaxel. Another patient (#5 in Table 3 ) with a 5.0 cm ipsilateral breast recurrence in the axillary tail by MRI received perioperative docetaxel with a clinical and pathological partial response. All 11 patients are alive and without recurrence, with a median 1.6 years of follow-up as of May 7, 2008 (Table 3) . Of the 11 women who developed breast cancer during the study, 6 had no prior cancer history. Two women had prior contralateral breast cancer and developed a second primary cancer in the opposite breast. Three additional women had a prior breast cancer and developed breast cancer in the ipsilateral breast during the study. Two of these women developed DCIS (and therefore were considered to have developed a second primary cancer). The final patient (#5 in Table 3, also described above) developed an ipsilateral invasive breast cancer 5 years after her initial cancer in the same breast, which may have been an ipsilateral recurrence rather than a new primary.
Modes of cancer detection
Six of the 11 breast cancers were initially detected by MRI. Four of these patients then underwent mammograms (within 1 month), of which two were positive and two were falsely negative. Of the two cases of falsely negative mammography, one cancer was DCIS (Fig. 2a) and the other was invasive. Two patients did not have a concurrent mammogram and went directly to MRI-guided biopsy based on abnormal enhancement without a mass lesion. Three of the 11 cancers were initially detected by mammogram. Two of these cancers were detected on study entry screening; both were seen on MRI done within 1 month of abnormal mammogram and biopsy (BIRADS 6). Concurrent MRI was not performed in the third patient whose cancer was detected by mammography and was found to be DCIS. Both women who had breast cancer diagnosed at study entry had been undergoing routine yearly screening mammography before study enrollment. Two patients developed interval breast cancers despite intensive screening. One patient (#3 in Table 3 ), who had no prior history of breast cancer and was status post oophorectomy, had an abnormal breast self-exam 8 months after a BIRADS 2 MRI and a BIRADS 1 mammogram. At the time of palpable breast mass, the lesion was seen on mammogram (BIRADS 4). Following biopsy demonstrating a high-grade invasive ductal carcinoma, this lesion was also seen on MRI (BIRADS 6) (Fig. 2b) . Based on imaging characteristics, the tumor size was estimated to be 3.0 cm, and as described above, she had a complete response to preoperative chemotherapy. A second woman (#9, Table 3 ) with no personal history of breast cancer and intact ovaries had an abnormal breast self-exam 4 months after a BIR-ADS 1 mammogram and 10 months after a BIRADS 1 MRI. A fine-needle aspiration demonstrated tumor, which was seen on MRI (BIRADS 6) done 1 week later. This patient had a 1.9-cm high-grade invasive ductal carcinoma with no nodal involvement and began treatment with docetaxel and cyclophosphamide.
Discussion
The present report represents an observational evaluation of several components of medical management in BRCA mutation carriers: primary prevention via prophylactic oophorectomy, prevention via SERMs, and intensive breast cancer surveillance. In the cohort of BRCA1 and BRCA2 mutation carriers studied, 86% of whom had oophorectomy, 46% of whom had used SERMs, and all of whom underwent screening with MRI, 11 (12%) of 93 study participants, and 11 of 51 (22%) of BRCA1 mutation carriers were diagnosed with breast cancer with a median 3.2 years of follow-up.
All breast cancers occurred in BRCA1 mutation carriers, despite the fact that our cohort included a significant proportion (44%) of BRCA2 mutation carriers. This finding suggests that there may be differential effects of oophorectomy on breast cancer risk in BRCA1 vs. BRCA2 mutation carriers and implies that the breast cancer risk reduction conferred by oophorectomy may be greater in BRCA2 than in BRCA1 mutation carriers during the first few years following surgery. This outcome is consistent with the findings of a recent multicenter, prospective study that examined 792 BRCA1 and BRCA2 mutation carriers with a median follow-up of 3.2 years [14] . In this study, oophorectomy was associated with a significant reduction in breast cancer risk in BRCA2 mutation carriers (HR = 0.28; 95% CI 0.08-0.92; P = 0.036). There was a suggested, but statistically nonsignificant risk reduction in BRCA1 mutation carriers (HR = 0.61; 95% CI 0.30-1.22; P = 0.16). In contrast, several studies have demonstrated a significant breast cancer risk reduction specifically in BRCA1 mutation carriers [9, 13, 23, 24] . In a small prospective study involving 98 BRCA1 mutation carriers, Kramer et al. observed breast cancer risk reduction associated with oophorectomy with a HR = 0.38 [13] . In a retrospective case-control study of over 3,000 mutation carriers, Eisen et al. observed breast cancer risk reduction associated with oophorectomy in BRCA1 (OR = 0.44; 95% CI 0.29-0.66) as well as BRCA2 mutation carriers (46% risk reduction, OR = 0.57; 95% CI 0.28-1.15). Limitations of this study are its case-control design and the potential for ascertainment bias [25] . An additional factor which may have contributed to absence of cancers in BRCA2 mutation carriers in this cohort is the high use of SERMs. Sixty-one percent of the BRCA2 mutation carriers in this study either used tamoxifen or raloxifene. It has been suggested that SERMS may be more effective in BRCA2 rather than BRCA1 mutation carriers, although data remain quite limited in the primary prevention setting [26] . Studies have demonstrated a reduction in contralateral breast cancer risk in both BRCA1 and BRCA2 mutation carriers with the use of tamoxifen, although the added benefit of tamoxifen following oophorectomy in this situation is uncertain [27, 28] .
It has been well established that BRCA1 mutation-associated breast cancers are more likely to be hormone-receptor negative than non-BRCA1-associated breast cancers [12, 29, 30] , while BRCA2 mutation-associated tumors are generally ER positive. Oophorectomy may decrease the risk of hormone receptor-positive breast cancers by primary prevention and also by treatment of subclinical cancers through estrogen deprivation, which may have contributed to the absence of ER positive, BRCA2-associated breast cancers found in our cohort. The mechanism by which oophorectomy contributes to breast cancer risk reduction in BRCA1 mutation carriers has not been well understood. It has been hypothesized that ovarian hormone ablation may inhibit BRCA1 mutation-associated, ER negative cancers at tumorigenesis [31] [32] [33] , thus the protective effect of oophorectomy on such cancers may require either a longer duration of follow-up or surgery at a younger age to become apparent. This hypothesis is consistent with data suggesting that oophorectomy is more protective when performed before age 40 [9, 13] .
In this study, seven of nine invasive cancers were ER, PR, and HER2 negative (consistent with the basal phenotype demonstrated in prior studies to be associated with BRCA1 mutations) [12, 34] . One additional tumor had low level of ER expression. The median duration between oophorectomy and study endpoint was relatively brief: 4 years for the entire cohort. The duration of follow-up may have been too short for the protective effect on BRCA1 mutation carriers to be observed. In addition, most study participants underwent oophorectomy later than age 40; median age at oophorectomy was 45 years. Thus, it is possible that oophorectomy was not performed early enough to have its optimal effect in these women. The other possibility is that, despite prior publications demonstrating otherwise, oophorectomy has a limited ability to decrease breast cancer risk in BRCA1 mutation carriers.
The rate of breast cancers in this study, 40 per 1,000 women years, is higher than in previously reported studies [18, 21] that have estimated rates of approximately 25 per 1,000. Our overall higher rate of new breast cancers could be due to the specifics of our study population such as the inclusion of women with prior breast cancer and the age of oophorectomy.
Evidence suggests that MRI allows for detection of cancer at earlier stages when cure is more likely [18, 21, 35] and appears to be cost effective, particularly for BRCA1 mutation carriers [36] . Here, the majority of women developed lymph node-negative tumors. However, two women developed interval cancers and 54% (6/11) women underwent chemotherapy. Although all affected participants are currently alive and without systemic recurrence, the morbidity associated with the diagnosis of cancer, including psychological distress and physical side effects of chemotherapy, must be considered as women choose between prophylactic mastectomy and nonsurgical screening and prevention strategies.
Despite the absence of breast cancer in BRCA2 mutation carriers in our study, it should not be assumed that MRI is not an important screening modality in these patients. Oophorectomy in BRCA2 mutation carriers may be particularly effective for short-term risk reduction. However, BRCA2 mutation carriers have an older age of onset of breast cancer compared to BRCA1 mutation carriers, with similar lifetime risk estimates [1, 2] . Annual MRI should continue to be a part of clinical management pending further studies, which ideally should involve large numbers of mutation carriers and be done prospectively.
This study has limitations. Our follow-up included a relatively small sample size (93) and events (11) , with short follow-up (median 4.0 years after oophorectomy, and a median 3.2 years after consent to study surveillance procedures). The relatively short duration of follow-up limits conclusions about the longer-term effects of surveillance and oophorectomy in this population. In addition, not all study participants were screened on an annual basis, particularly after the study-funded MRI period ended. However, the deviations from surveillance schedules were largely due to insurance issues and patient compliance, issues commonly encountered in clinical practice, and thus our data are likely an accurate representation of the outcome of surveillance practices as clinically implemented.
This study provides confirmation that the current recommendation for annual breast MRI for carriers promotes increased early detection of breast cancers in this population, but interval cancers still occur. In addition, there appears to be a continued high risk of BRCA1-related breast cancer following oophorectomy in the short term. Larger prospective studies with longer follow-up periods, and randomized comparisons of various screening schedules, are necessary to further elucidate distinct screening needs in BRCA1 and BRCA2 mutation carriers who have undergone oophorectomy.
